Femoral rotational malalignment is associated with pain and functional disability and may be a contributing factor to hip impingement as well as to instability. In general, the deformity can be addressed surgically by rotational osteotomy. However, the anatomic location of the deformity is debated. The goal of the present study was to narrow down the anatomic site of deformity using the lesser trochanter (LT) as an additional landmark. One hundred and eight patients underwent computer tomography (CT)-based rotational analysis of their lower extremities. Femoral torsion (FT) and LT torsion (LTT) were measured. The combined angle (CoA) between FT and LTT was calculated. Statistical evaluation was done by multiple regression analysis. Ninety-seven extremities were examined for FT and LTT. Average age was 41 years (SD ¼ 16.9) with a range of 18-85 years. Mean values were 20 for FT (SD ¼ 12.2) and À16 for LTT (SD ¼ 11.3). Mean CoA was 37.2 (SD ¼ 8.7). Statistical analysis reveals a strong linear relationship between FT and LTT (y¼31þ0.74x) and a weaker relationship between FT and CoA (y¼31þ0.24x). This study identifies the LT as a reliable landmark and shows a strong linear relationship between the orientation of the LT and the overall torsion of the femur below and above the LT with about two-thirds of torsional changes occurring distal to it. These results provide a considerable indication for a subtrochanteric osteotomy to address correction of femoral rotational deformity at its anatomical origin.
INTRODUCTION
Femoro-acetabular impingement (FAI) has gained much attention since its initial description by Ganz et al. [1] . It is nowadays widely accepted as a major risk factor for degenerative hip arthritis. Characterized typically by groin pain it is caused by a pathological contact between the acetabular rim and the femoral head-neck junction, leading to specific cartilage damage [1, 2] . There are two separate mechanisms, the cam and pincer FAI. While these two types can appear separately, most patients present with a combination of both of them. However, more and more attention has been paid towards femoral torsion abnormalities as an additional structural feature of FAI [3] . Increased and decreased femoral torsion are both associated with degeneration of the hip joint [4, 5] . Valgus hips in combination with high antetorsion showed decreased external rotation and predispose to posterior extra-articular FAI as well as to antero-inferior subspine impingement [6] . The combination of increased femoral and acetabular anteversion has been suggested to compromise joint stability causing the femoral head to dislocate laterally and forward during gait [7] . Recent data show evidence for higher incidence of more anterior labral tears in patients with increased femoral antetorsion [8] .
Femoral torsion is the twisting of femur between its proximal and distal end. Anatomically torsion is defined by the angle formed by a horizontal plane tangent to the posterior femoral condyles and a plane defined by the center of the femoral head and the axis through the femoral neck V C The Author 2017. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com [9] . Numerous studies on the measurement of femoral torsion have been published with different methods [10] [11] [12] [13] . Depending on the technique and methods significant differences may arise in the same femur [14] .
The developmental change of femoral torsion is well documented based on numerous anatomic and clinical studies of infants and adolescents [15] [16] [17] [18] . However, the spatial location of femoral twisting remains obscure, mainly because measurements only included an axis or plane through the proximal and distal ends of the femur. Therefore, femoral torsion could occur anywhere between the femoral neck and the femoral condyles: at the intertrochanteric region, the subtrochanteric region or even at both sites. The knowledge where the torsion occurs could be helpful for understanding the pathomechanisms leading to this deformity and also guide the surgeon where best to perform corrective osteotomy. The lesser trochanter (LT) is a distinct landmark between the distal and proximal femur. Its position follows a linear correlation with femoral antetorsion (FT) [19] . FT therefore can be subdivided into torsion that occurs above and below the LT.
The goal of the present study was to narrow down the anatomic site of deformity using LT as an additional landmark.
MATERIALS AND METHODS
Between 2010 and 2013, 146 patients (292 femora) underwent lower extremity rotational assessment with computer tomography (CT). Most common indications were gait disturbances, hip pain, patellar instability or post-operative follow-up. Extremities with ipsilateral fracture, arthroplasty or gross deformities were excluded from the study. Additional exclusion criteria were patients under 18 years as well as insufficient data from CT-scans.
All CT scans were performed by the radiology department of the Luzerner Kantonspital according to institutional protocols for the evaluation of rotational profile of the lower extremities. Patients were placed in the supine position with legs extended and 15 internally rotated. Images were obtained at 1 mm intervals scanning the hip (from the iliac crest down to the LT) and the knee (femoral condyles to proximal tibia) and the ankle (distal tibia to calcaneus). CT was performed with the same device (Somatom Sensation Flash, 2Â 128 lines, Somatom Sensation Edge, 128 lines, Siemens AG, Erlangen, Germany) using picture archiving and communication system measurement tools (Phönix Merlin Software 5.0, Phönix PACS GmbH, Freiburg, Germany).
Femoral torsion (FT) and LT torsion (LTT) were measured as described below (Fig. 1) . The difference between FT and LTT was calculated combined angle (CoA).
Femoral torsion (FT)
Based on Murphy's study the femoral neck axis was determined between the center of the femoral head and the base of the femoral neck to remove any influence of the shape of the femoral neck. Therefore, two transverse (axial) images were required: one at the level of the femoral head center, the other at the base of the neck. Both centers at the head and at the femoral diaphysis at the base of the neck were defined. Both images were merged manually to execute measurements of the femoral neck axis.
To determine the axis of the femoral condyles, a slice through the most posterior aspects of the condyles was selected ( Fig. 1) .
The degree of femoral torsion was measured as the angle subtended by the femoral neck axis and the posterior bicondylar axis. Positive values represent antetorsion, while negative values describe femoral retrotorsion.
Lesser trochanter torsion (LTT)
This parameter refers to the orientation of the LT with regard to the femoral shaft. It is measured according to Herzberg by defining an angle between a line bisecting the LT at its thickest cross-section in the middle and the base line of femoral condyles [19] (Fig. 2) . 
Combined angle (CoA)
This parameter is calculated by the difference between LTT and FT, which represents the angle between both planes. CoA is the angle between LTT and femoral neck axis and indicates supratrochanteric torsion. The LTT is the measure for intertrochanteric torsion. By comparing these two angles to overall FT the location of the torsion can be identified to occur above or below the LT (Fig. 2) .
Interobserver variability assessment of both femoral antetorsion and trochanter minor torsion was performed in a randomly selected subset of 35 CT-scanned femora, which were carried out by the first two authors. Calculation has been done via interclass correlation (ICC, 95% limits of agreement).
Statistics
Statistical evaluation of radiologic parameters as well as of associations between femoral antetorsion and age, gender and side was carried out by multiple regression analysis (Software: R Version 3.1.2, R Foundation for Statistical Computing, Vienna, Austria).
The retrospective study is compliant with the ethical guidelines of our institution. (Fig. 3) . The increase of LTT is approximately three times higher than of CoA (0.74 versus 0.24). Multiple regression analysis showed a significant association between FT and gender was observed as men had lower FT angles than women (15 and 24 , respectively, P values <0.001). In addition, an age-related correlation was observed. Older patients had lower FT values, with a decrease of 0.2 per year (P values <0.001). Measurements on left and right revealed no significant asymmetry.
RESULTS

From
Interobserver reliability was determined by ICC, which demonstrated a high amount of consistency between both observers: 0.92 for FT (CI 0.85; 0.96) and 0.92 for LT (CI 0.84; 0.96).
DISCUSSION
Femoral rotational malalignment is associated with pain and functional disability and may be a contributing factor to hip impingement as well as to instability [20] .
Amidst general agreement about the influence of abnormal torsion on hip biomechanics, the anatomic location of the deformity is debated. This is mainly because current techniques of measuring femoral torsion measure the angle between the bicondylar plane and the femoral neck axis plane at the two extremes of the femur. This results in an overall torsion angle, which does not allow to allocate the location of the deformity. The position of the LT with respect to FT and CoA is a landmark to determine the location of the deformity. Our study shows, that both LTT and CoA show a linear correlation to FT. The increase of the LTT is three times higher than the increase of CoA. This indicates that with increasing FT, both torsion below and above the LT increase, but three times more at the subtrochanteric level.
Herzberg was the first to measure the LTT. His values are identical to the ones of this study and confirm a linear correlation between the position of the LT relative to the femur axis and the femoral antetorsion [19] .
A recent study proposed a new method of measuring femoral rotation by adding a third axis, the intertrochanteric axis between the greater and the LT [21] . Using that technique, the authors were able to demonstrate that in high femoral torsion, the increase of femoral torsion was both above and below the LT and similar to our study, it was found that the torsion below the LT increased more than above. Another study in dysplastic hips showed that the deformity was between the isthmus of the femur and the LT [22] .
Normal values of femoral torsion and he range of deviation may guide the surgeon in decision making and also help to identify the amount of correction that is needed. However, there is a wide range of mean values of femoral torsion, ranging from þ9 to þ31 [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . This might be due to different imaging modalities (radiographs, CT, MRI) used to measure femoral antetorsion, but also due to different techniques of measuring antetorsion angle. The average femoral antetorsion in this present study is 20 (SD ¼ 12.2), which is rather high. This may be explained by a selection bias of patients, where imaging was carried out for suspicion of abnormal femoral torsion and the method we used to define femoral antetorsion using the method of Murphy [26] . Murphy's method, which was validated to replicate anatomic measurements, gives higher values than other measuring techniques [14, 33] . Considering possible relevant anatomic anomalies such as cam deformity that might distort the shape of the femoral neck, the advantage of Murphy's method is that it is based on two planes, the femoral head and the base of the neck, which are unaffected by such deformities.
A relationship between demographic factors such as age and sex and femoral torsion is still debated. Decker found a significant negative correlation of age and antetorsion in women under the age of 20, whereas no correlation was shown between antetorsion and age for men and older women [28] . Similar findings support a sex-related correlation more recently [27] . Other studies could not establish any correlation between femoral antetorsion and patient demographics [8] . This study is consistent with above mentioned gender and age relationship. Results obtained from our population revealed higher femoral torsion angles for women and a decreasing age-dependent tendency. Finally, our data are completely indifferent regarding side differences.
Various surgical options for rotational osteotomies have been established, including the complete femur with three preferred locations: subtrochanteric, intertrochanteric and supracondylar. All results are reported to be similar [4, [34] [35] [36] [37] [38] . Selection method between these approaches are usually based on perioperative risks, healing tendencies, operation time, additional procedures that can possibly be combined with and the surgeon's preference among others. However, the location of the rotational deformity is usually neglected during decision-making. In general, rotational deformities of the femur are surgically addressed by derotational osteotomies. As a rule skeletal deformities are corrected at the alleged site of deformation. Thus, axial deviation is treated most effectively and muscle balances are left maximally unaffected.
Therefore, our results speak in favor of a subtrochanteric osteotomy. Which technique eventually is applied is of secondary interest. We prefer a lateral approach to the proximal femur with plating of the osteotomy, because it bears some advantages. Hardware application below the greater trochanter avoids interference with other procedures and can easily be combined with additional procedures such as surgical hip dislocation, hip arthroscopy etc. Subtrochanteric plating is associated with less greater trochanter pain and bursitis when compared with the intertrochanteric approach requiring a blade plate [39] . Also damage to the abductors cannot be underestimated in antegrade nailing with reduction in abduction strength and endurance, as well as functional impairment [40] .
This study has a number of limitations. First, it is a radiological study and not a clinical one. Hence clinical aspects of anatomical deformities were not taken into account.
The second limitation is the study population, which is comprised of a pre-selected patient population which was referred to CT evaluation for various reasons. Hence, application of our findings to an asymptomatic population might be underpowered. However, a normal distribution could be documented suggesting representable values of the normal population.
In conclusion, this study identifies the LT as a reliable landmark and shows a strong linear relationship between the orientation of the LT and the overall torsion of the femur below and above the LT with about two thirds of torsional changes occurring distal to it. Therefore, our data provide a considerable indication for a subtrochanteric osteotomy to address correction of femoral rotational deformity at its anatomical origin.
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